
PROGRESS IN THE SOLUTION SPACE OF CLIMATE ADAPTATION (E GILMORE, SECTION

EDITOR)

A Systematic Review of the Development and Validation of the Heat
Vulnerability Index: Major Factors, Methods, and Spatial Units

Yanlin Niu1,2,3,4
& Zhichao Li5 & Yuan Gao1

& Xiaobo Liu1
& Lei Xu1,6,7

& Sotiris Vardoulakis8 & Yujuan Yue1
&

Jun Wang1
& Qiyong Liu1,4

Accepted: 29 March 2021
# The Author(s) 2021

Abstract
Purpose of review This review aims to identify the key factors,methods, and spatial units used in the development and validation of the
heat vulnerability index (HVI) and discuss the underlying limitations of the data andmethods by evaluating the performance of theHVI.
Recent findings Thirteen studies characterizing the factors of the HVI development and relating the index with validation data
were identified. Five types of factors (i.e., hazard exposure, demographic characteristics, socioeconomic conditions, built envi-
ronment, and underlying health) of the HVI development were identified, and the top five were social cohesion, race, and/or
ethnicity, landscape, age, and economic status. The principal component analysis/factor analysis (PCA/FA) was often used in
index development, and four types of spatial units (i.e., census tracts, administrative area, postal code, grid) were used for
establishing the relationship between factors and the HVI. Moreover, although most studies showed that a higher HVI was often
associated with the increase in health risk, the strength of the relationship was weak.
Summary This review provides a retrospect of the major factors, methods, and spatial units used in development and validation
of the HVI and helps to define the framework for future studies. In the future, more information on the hazard exposure,
underlying health, governance, and protection awareness should be considered in the HVI development, and the duration and
location of validation data should be strengthened to verify the reliability of HVI.

Keywords Heatvulnerability index . Indexdevelopment . Indexvalidation . Influencing factors .Spatialunits .Systematic review

Introduction

In the context of climate change, the global mean surface air
temperature has shown a rising trend over the last 100 years [1],

which has led to an increase in the frequency, intensity, and
duration of extremes of heat since 1950 [2]. The most immedi-
ate and direct impact of rising temperature on human health is
the increase in heat-related mortality and morbidity worldwide
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[3–8]. The 2003 heatwave in Europe resulted in around 15,000
heat-related deaths in France and around 70,000 deaths across
Europe [9]. The 2006 heat wave in CA, USA, resulted in
around 1200 additional hospitalizations and 16,000 additional
emergency room visits [10]. The 2010 heat wave in Russia
caused an estimated 55,000 deaths [11]. Heat-related “adverse
effects” go beyond deaths directly related to heat stress, also
including heat stress-driven worsening of cardiovascular, dia-
betic, and respiratory conditions, as well as economic impacts
caused by the loss of labor hours [12–14].

Vulnerability is broadly defined as the potential loss of
property or life from environmental hazards [15]. The
Intergovernmental Panel on Climate Change defines vulnera-
bility as “the degree to which a system is susceptible to or
unable to cope with adverse effects of climate change, includ-
ing climate variability and extremes” [16]. Vulnerability is
most often conceptualized as being constituted by compo-
nents that include exposure and sensitivity to perturbations
or external stresses and the capacity to adapt [17]. Exposure
and sensitivity can be combined into a potential impact, which
could further interact with adaptive capacity, resulting in vul-
nerability. Another common conceptualization is the hazards-
of-place model of vulnerability utilized by Cutter et al. in the
Social Vulnerability Index (SoVI) [18]. In this concept, the
hazard potential is the result of interaction between risk (an
objective measure of the likelihood of a hazard event occur-
ring) and mitigation (measures to reduce risks or mitigate their
impact), which can bemoderated or enhanced by a geographic
filter and the social fabric of the place. In addition, some
researchers considered the engagement of stakeholders in the
framework of vulnerability [19, 20]. Wilhelmi and Hayden
[19] presented a new research framework for a multi-faceted,
top-down and bottom-up analysis of local-level vulnerability
to extreme heat, suggesting the integration of quantitative and
qualitative data on social vulnerability and adaptive capacity
that go beyond aggregate demographic information. The en-
gagement of stakeholders as one of the inputs of quantitative
and qualitative data could connect people and places to under-
stand better local-level vulnerability and existing adaptation.

To date, with the profound understanding of vulnerability,
numerous indices have been developed and applied in the heat
vulnerability assessment based on various frameworks and
objectives [21–24, 25•, 26], as following:

1) To identify vulnerable areas and populations at risk. For
example, Wolf and McGregor developed an HVI for
London, UK, in 2013 and found that vulnerability was
higher in central London, including the areas in the central
boroughs and in particular areas north of the Thames [27].

2) To assess the spatial and temporal distribution of vulner-
ability and to explain the reasons for these distributions.
For example, Chow et al. developed the HVI maps in
Metropolitan Phoenix, USA, between 1990 and 2000 to

illustrate how climate, urban ecology, social status, and
changing demography interact to create and change the
spatial and temporal patterns of heat vulnerability [28].

3) To provide decision support with resource allocation in
preparation for and response to heat-related events. For
example, based on the HVI map in Pittsburgh, USA,
Bradford et al. determined the optimal cooling center
placement to address the vulnerability of at-risk popula-
tions, which is a cost-effective solution for city decision-
makers [29].

4) To project future vulnerability. For example, using a HVI,
Oh et al. assessed the health vulnerability to heat waves
under the Representative Concentration Pathways (RCP)
8.5 scenario in the 2040s at the province level in South
Korea and concluded that Daegu Metropolitan City was
the most vulnerable region [30].

The HVI may meet multiple aims in a single study.
However, it is often used by local public health practitioners
and policymakers to identify the areas and population at risk
for health protection. Vulnerability depends critically on con-
text, and the factors that make a system vulnerable to heat will
depend on the nature of the system [31]. Although the current
HVIs are substantial, there is no reference for the generic
determinants of vulnerability, which will be useful to under-
take comparative assessments at the same level [17, 31]. In
addition, researchers are faced with choices between plausible
alternatives, thus bring their subjectivity into the modeling
process [32]. Therefore, index validation via proper variables
and methods plays a critical role in testing the HVI. However,
few attempts have been made [33].

In this context, focusing on the development and validation of
the HVI, the objective of this study is to identify the key factors,
methods, and spatial units used in the development and valida-
tion of the HVI by summarizing and analyzing the existing liter-
ature and to discuss the underlying limitations of the used data
and methods by evaluating the performance of the HVI.

Methodology

In this study, the HVI is defined as a composition of the
influencing factors of vulnerability that quantitatively reflects
the vulnerability level of the population for high temperature
or extreme heat events. The literature search was conducted to
identify studies related to the development, application, and
validation of HVI.We followed the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statements [34] to conduct the analyses. Several
online databases including PubMed, Web of Science, Science
Direct, China National Knowledge Infrastructure (CNKI), and
Wanfang Data were queried. The research was limited to peer-
reviewed journal articles published in English and Chinese
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between January 2010 and October 2020. The following key-
words were used individually and in combination in the search
phase: heat, heatwave(s), extreme heat, high temperature,
thermal, vulnerability, risk, index (indices), assess, assess-
ment, evaluation, and health. The detailed search strategy
was attached in Supplementary Materials 1. Search results
were then imported into EndNote where the duplicates were
eliminated. We did not search for or include any unpublished
studies or gray literature such as government or organization
reports. The title and abstract screening and eligibility were
conducted by two authors (i.e., YN and YG), and the full texts
of the included articles were obtained for further assessment.

The inclusion criteria used in this study were as follows:
(1) An index that intended to quantify the vulnerability of

population for heat or heatwave was developed and applied,
especially in public health; (2) performance of the index was
validated with the observed health data; (3) factors and
methods used in the development and validation of the index
were explicitly described; and (4) original research articles.

The exclusion criteria used in this study were as follows:
(1) Heat risk indices that have different definitions and

purposes; (2) the index was targeted for certain populations
(e.g., the elderly, children, outdoor workers), environment
(e.g., indoor, workplace), disease (e.g., cardiovascular dis-
eases, respiratory diseases), and realm (e.g., agriculture, aqua-
culture); (3) the index was applied for a projection of risk in
the future; and (4) the index was targeted for climate change in
broad terms or multiple hazards or coupled with air pollution.

The information concerning the data and methods used in
HVI development and validation were then extracted to build
the following three tables:

1) Basic information and geographical context: author, pub-
lication year, geographical region, geographical unit of
spatial analysis, types of geographical unit (Table 1)

2) Index development: the factors for construction that were
categorized into five aspects (hazard exposure, demo-
graphic characteristics, socioeconomic conditions, built
environment, and underlying health) and developmental
methods (Table 2)

3) Index validation: the factors for validation, time span and
duration of used validation data, sample size, and valida-
tion methods (Table 3)

Results

Overview of the Included Articles

Nine hundred and forty-one bibliographic records were iden-
tified through the initial search, including 686 records in
English and 255 records in Chinese. After eliminating dupli-
cates and screening titles, abstracts, and full texts, 13 studies
were included in this review (Fig. 1). Particularly, Wolf et al.
developed an HVI in 2013 to assess the intra-urban variability
of vulnerability to heat wave events in London [33] and

Table 1 Summary of the basic information and the geographical context in the studies

ID Author Publication
year

Geographical region Geographical unit of spatial
analysis

Types of
geographical unit

1 Johnson, Daniel P.
et al.

2012 Chicago, Illinois, USA Census block group Census tracts

2 Reid, Colleen E.
et al.

2012 California, Massachusetts, New Mexico, Oregon,
Washington, USA

ZIP code Postal code

3 Harlan, Sharon L.
et al.

2013 Maricopa County, Arizona, USA Census block group Census tracts

4 Wolf, Tanja et al. 2013, 2014 London, UK the Super Output Lower
Level (SOA)

Census tracts

5 Maier, George et al. 2014 Georgia, USA County Administrative
areas

6 Chuang, Wen-Ching
et al.

2015 Phoenix, Arizona, USA Census tract Census tracts

7 Prudent, Natasha
et al.

2016 Travis County, Texas, USA Census block group Census tracts

8 Kim, Do-Woo et al. 2017 Korea County Administrative
areas

9 Krstic, Nikolas et al. 2017 Greater Vancouver, British Columbia, Canada Postal code Postal code

10 Nayak, S. G. et al. 2018 New York State, USA Census tract Census tracts

11 He, Cheng et al. 2019 Shanghai, China Grid (500m) Grid

12 Mallen, Evan et al. 2019 Dallas, Texas, USA Census tract Census tracts

13 Conlon, K. C. et al. 2020 Detroit, Michigan, USA Census tract and block group Census tracts
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assessed it in 2014 [27]. Therefore, these two studies were
merged. It should be noted that the total number of studies
on the development and application of the HVI was 46 during
2010–2020. Among them, 13 studies involving the HVI val-
idation with the observed health data were included in this
review (Table 1). The list of the 33 excluded studies is at-
tached in Supplementary Materials 2.

Among the 13 included studies, nine studies were carried
out in the USA, and the other four studies were conducted in

the UK, Canada, China, and Korea. Most studies (8 out of 13)
used census-based unit in spatial analysis. A census block
group (called the Super Output Lower Level (SOA) in the
UK), that is, the smallest statistical unit in published census
data, was used as the geographical unit of spatial analysis to
provide a fine resolution in five studies. Other units used in the
studies included census tract, postal code, and county. In ad-
dition, He et al. [35•] used a 500-m grid as the statistical basis
for a study in Shanghai, China.

Table 2 Summary of the factor categories and methods used in the index development in the studies

ID Categories Total Developmental method

Hazard
exposure

Demographic
characteristics

Socioeconomic
conditions

Built
environment

Underlying
health

1 √ √ √ √ 19 PCA

2 √ √ √ √ 10 PCA

3 √ √ √ 10 PCA

4 √ √ √ √ 9 PCA

5 √ √ √ √ 8 PCA

6 √ √ √ √ 10 FA

7 √ √ √ √ 7 PCA

8 √ √ √ 4 Zero-inflated Poisson regression analysis

9 √ √ √ √ 4 The summation model; the Heat Exposure Integrated
Deprivation Index approach

10 √ √ √ √ 13 PCA

11 √ √ √ √ 7 FA

12 √ √ √ √ 10 PCA

13 √ √ √ 8 Unsupervised/supervised PCA

Table 3 Summary of variables information and methods used in the index validation in the studies

ID Variables

Time span and duration (year) of used validation data 

Sample Size Validation Method1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

1 Mortality 1 Unknown
Comparation between the expected 

death rate and actual death rate

2 Morbidity and mortality 8 1205
Generalized estimating equation (GEE) 

Poisson regression

3 Mortality 9 2081 Binary logistic regressions

4

Mortality 15

4765
Skill scores; quasi-Poisson regression; 

independent samples test
Ambulance callout 9

5 Mortality 10 159
Poisson mixed effect model with 

natural splines

6 Hospital admissions 2 362
Multinomial logistic regression model 

(MLR)

7 Mortality 7 508 Intersected map

8 Mortality 17 232

Scatterplot; coefficient of 

determination; comparison of the 

spatial distributions

9 Mortality 17 Unknown Case-crossover analysis

10
Emergency department 

visits and admissions
5 2723 Negative binomial model 

11 Mortality 1 Unknown
Multinomial logistic regression model 

(MLR)

12 Mortality 5 Unknown Bivariate and multivariate regressions

13 Mortality 10
Tract (N=308) and 

block group (N=913)

Ordinary least squares (OLS) 

regression analysis
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HVI Development

The total number of factors used in the HVI development
ranged from 4 to 19 (Table 2, a detailed inventory of factors
is attached in Supplementary Materials 3). Almost all the
studies used factors related to demographic characteristics,
socioeconomic conditions, and built environment. More
than 50% of studies (7 out of 13) incorporated health-
related factors, while only five studies considered hazard
exposure factors during index development. In detail, we
analyzed the used factors by categories and types of geo-
graphical unit (Fig. 2). The top five factors used in all types
were social cohesion (15%), race and/or ethnicity (13%),
landscape (12%), age (10%), and economic status (10%).
A similar distribution of the factors used in studies consid-
ered census tract as geographical unit was found.
Nevertheless, exposure frequency, occupation, language,
immigrant status, employment, and medical resources were
seldom used, accounting for less than 1%. Principal compo-
nent analysis/factor analysis (PCA/FA) was the most popu-
lar developmental method used by researchers (11 out of
13), while other attempts including regression model [36],
summation model, and data-driven approach [37] were also
made (Table 2).

HVI Validation

In the validation of the index, 10 out of 13 used mortality data
as the validation variable, while morbidity [38], ambulance
callout [33], hospital admissions [39], and emergency depart-
ment visits and admissions [23] were also used (Table 3). The
time span of the used health data started from 1990 and ended
in 2015 and most clustered between 2000 and 2005. The du-
ration of the validation data ranged from 1 to 17 years, with an
average of 8 years. Three studies used the health data shorter
than 3 years, while 62% (8 out of 13) of the studies used
datasets of 8 years (the average level) or longer duration.
The studies with the longest duration of dataset of 17 years
were led by Kim et al. and Krstic et al. [36, 37]. In the studies
where the sample size was known, the number of geographi-
cal units was in the range of 159 to 4765 (Table 3). The
average sample size in studies considering census tract as a
geographical unit was 2034.

A variety of mathematical and statistical methods were
used to evaluate the performance of HVI (Table 3). The re-
gression model was a common method for index validation
(9/13), including Poisson regression, logistic regression, and
negative binomial regression. Besides, simple and intuitive
approaches, such as the skill scores and scatterplot, were also
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(n=197)

CNKI
(n=33)
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Records after duplicates removed
(n=895)

Abstracts screened
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Records excluded after 
reading the abstract (n=64) 

Full-text articles assessed 
for eligibility

(n=65)

Full-text articlestexcluded, 
with reasons

(n=52)

Studies included in 
reviews
(n=13)

Records excluded after 
reading the title (n=766)

Fig. 1 The literature selection
process
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used. Wolf et al. [33] calculated the skill scores for the dichot-
omous outcome to assess whether a priori the HVI was a good
predictor of high levels of mortality and ambulance callout.

Regarding the results of the validation, most studies
showed some increase in the risk of negative health outcomes
with a higher HVI. However, the strength of the relationship
varied with studies and was not strong.

Discussion

General Characteristics of the Included Studies

Although there are increasing studies applying the HVI in heat
vulnerability assessment worldwide, few indices have been
validated with observed health data, most of which are limited
in the USA where SoVI was first proposed and developed by
Cutter et al. in 2003 [18]. Benefiting from the abundant census
datasets in the USA, numerous studies have developed, im-
proved, and validated the HVI on the basis of the research of
Cutter et al. [22, 29, 40]. Therefore, this implies that more
validation studies are needed in other parts of the world to
have a robust HVI. Seven studies which used census-based
unit as the geographical unit of spatial analysis were conduct-
ed in the USA, which was also benefited from the open high-
resolution census data in their country. Using administrative
area “county” as the geographical unit, a vulnerability map at
the national level in Korea depicted the distribution of heat-
related deaths to help decision-making for disaster resource
management and to identify heat risk at spatial scales [36].
Only the study conducted in Shanghai, China, by He et al.
[35•] used a spatial resolution of a 500-m grid. With the more
common use of remote sensing data, the HVI can provide an

assessment at finer spatial resolution and more detailed and
accurate information for risk management [35•].

Factors Associated with HVI Development

According to the selected studies, factors are chosen subjec-
tively by the authors, based on a literature review and intuitive
understanding of human-environment interaction [31]. The
factors were diverse, and there is no generic factor set for heat
vulnerability assessment [41]. For example, Brooks et al. [31]
identified 11 key factors that exhibited a strong relationship
with mortality associated with climate-related disasters: (1)
population with access to sanitation, (2) literacy rate, 15–24-
year-olds, (3) maternal mortality, (4) literacy rate, over 15
years, (5) calorific intake, (6) voice and accountability, (7)
civil liberties, (8) political rights, (9) government effective-
ness, (10) literacy ratio (female to male), and (11) life expec-
tancy at birth, which can be divided into three broad
categories—health status, governance, and education. Cutter
et al. [18] listed the population, environmental, and social
factors influencing human vulnerability to heat, including
age, gender, race, socioeconomic status, special needs popu-
lations, quality of human settlements, and the built environ-
ment. Moreover, using a combination of a meta-analysis with
a meta-knowledge approach, Romero-Lankao et al. [42]
found that the urban vulnerability to temperature-related haz-
ards has mostly been examined using 13 factors: hazard mag-
nitude (i.e., temperature level), population density, age, gen-
der, pre-existing medical conditions, education, income, pov-
erty, minority status, acclimatization, and access to home ame-
nities. Based on the amount of empirical evidence and the
degree of agreement, these drivers account for 66% of the total
tallies in vulnerability determinants. In this review, we found

Fig. 2 Summary of factors used in the index development by categories and types of geographical unit
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that the factors for demographic characteristics, socioeconom-
ic conditions, and the built environment were frequently used
in the development of HVI, which is consistent with the
above-mentioned findings. However, we also found that the
factors associated with hazard exposure and underlying health
were chosen less and no factor regarding governancewas used
in the selected studies. In the following sections, the main
factors used in HVI development would be discussion in
detail.

Demographic Characteristics

Demographic characteristics could influence the sensitivity of
the populations suffered from hazards, including race, age,
and education level. Race contributes to heat vulnerability
through the lack of access to resources, cultural differences,
and the social, economic, and political marginalization that is
often associated with racial disparities [18]. Reid et al. [38]
employed the percentage of the population of a race other than
white into the HVI development, to express the increased
vulnerability caused by race. Age has been demonstrated to
be an important factor in the relationship between temperature
and health [43]. Owing to the poor thermoregulation ability of
the elderly and children, the adverse effect of heat is larger in
these groups. Furthermore, elderly individuals often have un-
derlying diseases, and children do not spontaneously adapt
their behavior and activities to heat, which may aggravate
their sensitivity.

Socioeconomic Conditions

Socioeconomic conditions reflect if people afflicted by a
disaster have access to enough resources, information, and
support. People with limited social cohesion have less sup-
port when an extreme heat event occurs, which has been
identified as a risk factor for heat vulnerability [44, 45].
Living alone was the most frequently employed factor in
the development of HVI to reflect the lacking social cohe-
sion and often combined with the elderly to represent the
synergy effect from social cohesion and age [23, 46, 47••].
Economic status is selected in the development of the HVI
because it reflects the response ability of individuals or
households to mitigate the adverse health impact due to
heat, which is an essential component of vulnerability.
Income and the percentage of the population below the
poverty lien are often used to represent the economic status
directly, while Wolf et al. [27] employed the percentage of
population receiving any kind of social benefit as an indi-
rect factor of it. However, employment is a proxy of eco-
nomic status and can be used when economic data are un-
available [23].

Built Environment

Built environment factors play an important role in mitigation
or aggravation of heat vulnerability of populations. Landscape
often refers to the compositional and configurational patterns
of land use and land cover, which has been shown to have a
significant effect on climate through various pathways that
modulate LST, thereby improving psychosocial health and
heat vulnerability [48–51]. Several studies employed vegeta-
tion coverage as a proxy of environmental mitigation to heat
exposure in the HVI development [35, 39, 52]. Moreover, air
conditioning has been proposed as one of the key factors
explaining reductions of vulnerability and represents an effec-
tive heat adaptation strategy [53••]. Percentage of households
with air conditioning (or similar factor) was employed in the
HVI development as an adaptation measure to improve the
environmental temperature in several studies [38, 39, 46, 54].

Hazard Exposure

Hazard exposure reflects the exposure of human populations
to heat, including intensity (e.g., daily maximum, minimum,
and mean temperature), duration (e.g., hot days that are de-
fined as the days with maximum temperature over a certain
threshold in summer), variance (e.g., temperature range), and
frequency of the hazard. Romero-Lankao et al. [42] found that
most studies showed a positive correlation between hazard
magnitude and mortality and concluded that the hazard mag-
nitude was the only determinant that has been extensively
studied and shows a high level of agreement in its effects
across different studies. In our review, only five studies
employed the factors of hazard exposure. The unbalanced
weights in hazard exposure and social characteristics indicate
that the current HVIs have placed particular emphasis on so-
cial vulnerability and are similar to the SoVI developed by
Cutter et al. [18]. Therefore, more factors associated with haz-
ard exposure need to be employed in HVI development. Land
surface temperature (LST) [40, 52] derived from remote sens-
ing and air temperature data [35, 36] of meteorological sta-
tions are the main factors used to reflect the level of heat
exposure. However, they can be markedly different owing to
various complex factors including solar insolation intensity,
wind, clouds, shading, sky-view factor, and sensor view angle
[55–57]. Hulley et al. argued that LST and air temperature
should be included together to fully describe the effects of
urban heat because health impacts are tied to both air temper-
ature (through convective processes) and LST (through radi-
ative emission) in 2019 [58•]. In addition, considering the
interaction between temperature and humidity, the term
“humidex” was used by Krstic et al. [37] to estimate the ap-
parent temperature, which could be a reference for more de-
velopments of the HVI.
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Underlying Health

The underlying health condition can greatly affect the sensitiv-
ity of an individual to physical andmental health stressors when
a heat attack occurs. The percentage of the population with
long-term limiting illness (e.g., diabetes and disability) was
often used to reflect the negative pre-existing health condition
that can increase the vulnerability to heat [23, 33, 38, 39, 46,
59]. On the other hand, medical resources play an important
role in providing medical support to the population at risk and
maintaining residents’ health. He et al. [35•] calculated the cost
of walking time to the nearest medical sites to be used as a
proxy for the availability of medical resources in the study area.
However, more attention should be given to the insufficient
employment of health factors in the HVI in the future.

Future Considerations

We found that no study used a factor related to governance.
Institutional capacity and governance capacity are fundamen-
tal to emergency response and disaster management. Zhang
et al. adopted a factor of governance in their HVI to measure
urban vulnerability to heat wave in Beijing, China [25, 60•]. In
addition, knowledge, attitude, and practice (KAP) could great-
ly influence the adaptive capacity of individual. However, this
type of factor, such as city awareness and commitment to
adapt, has only been explicitly used in a limited number of
studies [61, 62]. Therefore, we argued that the use of factors
reflecting governance and awareness should be emphasized in
the development of the HVI.

Methods for HVI Development

Regarding the method used for HVI development, PCA has
been commonly used [38, 63]. PCA is a data transformation
technique used to reduce multidimensional datasets to a lower
number of dimensions for further analysis, which belongs to
an inductive design [47••]. Using uncertainty and sensitivity
analysis, Tate [32] assessed the methods used in the most
common social vulnerability index designs (i.e., deductive,
hierarchical, and inductive). Comparedwith other models, this
study found that the inductive design such as PCA was the
most precise and was most sensitive to the indicator set and
scale of analysis. However, after implementing PCA, princi-
pal components are not as readable and interpretable as orig-
inal features. A variety of studies have developed unsuper-
vised HVIs [64], including some of the selected studies in
our review. Given that unsupervised HVI metrics are sensitive
to input variables, Conlon et al. [47••] developed a supervised
HVI using mortality data to select the variables used for the
index calculation, which insured that the index values
reflected an indication of vulnerability for this region. In ad-
dition, Krstic et al. [37] proposed a data-driven Heat Exposure

Integrated Deprivation Index approach to be an effective al-
ternative or to supplement conventional approaches. Using
this approach, larger areas (and therefore larger populations)
are identified as being at moderate risk. However, index de-
velopment is context dependent, and there is no single meth-
odology that allows a standardized assessment and produces
comparable results [65]. Romero-Lankao et al. conducted an
analysis of 54 papers on urban vulnerability to temperature-
related hazards. They argued that it was possible to identify
common patterns of vulnerability across urban centers and
research paradigms, and these commonalities hold the poten-
tial for the development of a common set of tools to enhance
response capacity within multiple contexts [42]. Hence, im-
provement of the current methods and the development of
innovative methods are urgently needed.

Validation Variables

For the validation variables, mortality data were much more
frequently used. Compared with other health outcomes, mor-
tality reflects a more direct influence on human health and
shows less bias in the exposure-response relationship between
heat and health. Longer duration and more locations for the
validation factors will be helpful for a more precise evaluation
of the HVI. However, because of the privacy of health data, it
is still quite difficult to access high-quality data with a longer
time span, large sample size, and high geographical resolu-
tion, which are challenges for the validation work.We suggest
making health data more open and available on the premise of
data security.

Performance of HVI

According to the selected articles in this review, a higher value
of the HVI indicates an increased heat risk, but we found that
the HVI might not be strongly associated with heat-related
health outcomes. Based on the method proposed by Reid
et al. [66], Mallen et al. [46] developed an HVI using PCA
at the census tract level in Dallas, TX, USA. The bivariate
spatial regressions resulted in a coefficient of determination
(denoted R2) of 0.03, which indicated very little correlation
between the total deaths and the HVI score. Conlon et al.
[47••] developed HVIs using unsupervised and supervised
PCA. When validated them using the proportion of deaths
occurring on an extreme heat day, the unsupervised and su-
pervised HVIs resulted in very low R2, potentially indicating
that the indices were inadequately capturing spatial variations
in heat risk across the study area. These facts implied that the
index should be used with caution for identifying the vulner-
able areas where heat-related mortality is likely to increase. To
further enhance the reliability of HVI, the duration and loca-
tions of validation data should be strengthened to verify the
reliability of HVI.
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Conclusion

The HVI is a relatively simple and direct method of transmit-
ting information on heat vulnerability to stakeholders. It can
be used to highlight the areas where the population is at a high
risk of heat, understand the heat vulnerability distribution,
provide evidence-based support for decision-making, and
even project the scenario of future vulnerability. In the present
review, we have examined the key factors, methods, and spa-
tial units used in the development and validation of HVI in
detail to further discuss the underlying limitations that are
helpful for future studies. The factors related to demographic
characteristics, socioeconomic conditions, and the built envi-
ronment have been widely used in the development of the
HVI, while more factors associated with hazard exposure,
underlying health, governance, and protection awareness
should be integrated to develop a comprehensive index of heat
vulnerability. In fact, various factors affected the HVI, and the
omission of key issues may result in misleading conclusions.
Considering the key factors as fully as possible enables to
reflect the real situation of heat vulnerability.

However, we found that the HVI may not be strongly as-
sociated with heat-related health outcomes, and further vali-
dation of the HVI should be conducted in various locations to
verify the reliability of index. Moreover, the duration and
location of validation data is of great importance to enhance
the reliability of HVI.
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